An interval reduced basis approach (IRBA) is presented for analyzing acoustic response of coupled structural-acoustic system with interval parameters. Simultaneously an integrated framework based on IRBA is established to deal with uncertain acoustic propagation using deterministic finite element (FE) software. The present IRBA aims to improve the accuracy of the conventional first-order approximation and also allow the efficient calculation of second-order approximation of acoustic response. In IRBA, acoustic response is approximated using a linear combination of interval basis vectors with undetermined coefficients. To get explicit expression of acoustic response in terms of interval parameters, the three terms of the second-order perturbation method are employed as basis vectors, and the variant of the Galerkin scheme is applied for derivation of the reduced-order system of equations. For the second-order approximation, the determination of acoustic response interval is reformulated into a series of quadratic programming problems, which are solved using the difference of convex functions (DC) algorithm effectively. The performance of IRBA and availability of the present framework are validated by numerical examples.
Introduction
The increase of customer expectation forces designer to consider the noise level of products, especially for vehicle and aircraft. From the viewpoint of commercial interest, predicting acoustic behavior has crucial significance in the design stage of products. For coupled structural-acoustic system, several analytical solutions have been derived by Hong and Kim, 1 Lee and Lee 2 and Muggleton and Yan. 3 However, the shortcoming of these analytical approaches is that they are limited to the study of simple system. To solve this issue, many researchers have paid their attentions to the development of numerical technique for complex system. Chen and Taylor 4 first introduced a finite element (FE) solution for the vibration interaction between an inviscid fluid and a solid. Considering the mutual coupling effects among three media, Yoon 5 developed a novel mixed FE formulation for multi-physics system. For wave propagation in guided elastodynamic structures, Mencik and Ichchou 6 presented a general wave FE formulation, which is not low frequency limited. This method is then extended to assess the vibroacoustic behavior of axisymmetric fluid-filled pipes. 7 In addition, some other numerical methods on fluid-structure interactions have emerged, such as boundary element method, 8 finite difference scheme 9 and statistical energy analysis. 10 The most notable is the contribution of Zeng and Liu. 9 In his work, Liu et al. proposed a comprehensive multidimensional finite-difference time-domain model to simulate acoustic wave propagation in a heterogeneous soil with buried objects. Their research can be further extended to the coupled structural-acoustic system.
Conventional methods for predicting the acoustic behavior are developed based on the deterministic model. Unfortunately, numerical result of the deterministic model cannot perfectly match to actual response in tests because of simplifications of the physical behavior and considerable uncertainties with the assumed parameters. Accordingly, an important issue faced in practical problem is how to deal with structural-acoustic system with uncertainties. Probability theory is the most popular way to handle uncertainties, where the probability density function is defined unambiguously. Chen et al. 11 developed a computing technique for sensitivity analysis of coupled structural-acoustic systems under stochastic excitations. Novick and Finette 12 applied the stochastic basis expansions to predict acoustic propagation in an uncertain waveguide environment. James and Dowling 13 investigated the method to determine the probability density functions of the sound pressure amplitude and phase in the predicted-acoustic-field. More recently, Zhu and Ye 14 proposed a new slip model for slip flows. Also, Ye and his coworkers 15 developed a gas-kinetic finite volume scheme to solve the multiple temperature kinetic model in the continuum and transition flow regimes. Their researches have enriched the study of stochastic analysis on fluid-structure interactions. Even so, probabilistic method reveals an obvious drawback that sufficient data is required to evaluate statistical distribution. However, abundant information about uncertainties is almost impossible in the preliminary design stage of product.
Fortunately, many interval-based uncertainty models have become another efficient method to address the uncertain problems with insufficient information. The outstanding contribution to this issue dates back to the work of Qiu et al. 16, 17 Based on perturbation theory, Qiu and his coworkers developed interval and subinterval perturbation approaches for estimating static displacement bounds of structures. In their researches, the first-order perturbation without considering the second-order terms was used. Following the pioneering work by Qiu et al., focused on a sequence of investigations on the application of the interval and subinterval perturbation approaches for acoustic field prediction with interval parameters. From the published literatures on acoustic field prediction, much effort has been devoted to the first-order approximation of acoustic response. However, most theoretical researches ignore the trade-off between the accuracy and efficiency, and the implementation of uncertain acoustic propagation analysis in application. Apparently, this may lead to a very large gap between numerical methods and engineering problems. In addition, perturbation approach calls for small variations of uncertainties, but such condition is not always satisfied in engineering. In fact, Wang and Qiu 21 have studied acoustic performance of coupled structural-acoustic system with large uncertain-but-bounded parameters and pointed out that a modified interval perturbation method has a good performance in accuracy. Unfortunately, the high-order terms in their research are computationally expensive.
In the past decades, existing deterministic FE software is well tested and provides reliable result within a wide range of applications. Extension of such deterministic FE software to deal with uncertain acoustic propagation is of much interest to both the academic research community and industry. This work presents an interval reduced basis approach (IRBA) for acoustic response analysis of coupled structural-acoustic system with interval parameters. By virtue of interval mathematics and finite element method (FEM), interval FEM formulation of the structural-acoustic system is established. Subsequently, the reduced order equations are derived for the explicit expression of acoustic response. Furthermore, in the case of large uncertainty, by considering the second-order approximation, the determination of acoustic interval is reformulated into a series of quadratic programming problems, which are solved using the difference of convex functions (DC) algorithm effectively. Based on IRBA, we also establish an integrated framework for using deterministic FE software to deal with uncertain acoustic propagation, which lays the foundation for development of an easy-to-use interval FE software.
Interval FEM Formulation of the Structural-Acoustic System
The structural-acoustic system, as illustrated in Fig. 1 , consists of the shell structure V s , the interior acoustic field V f and the coupled interface S sf . The shell structure includes the natural boundary S t and the essential boundary S u . The interior acoustic field is enclosed by the shell structure V s and the rigid boundary S b .
The dynamic equilibrium equations of the coupling system is given in the following form of tensors
where σ ij , u i , f i and ρ s are the stress, displacement, body force and mass density in the structure domain, respectively, p and c 0 are the sound pressure and acoustic velocity in the fluid domain, respectively. Fig. 1 . The structural-acoustic system.
For the structure domain without considering the structural damping, three kinds of boundary conditions are considered as
whereū i andT i are the predefined displacement and surface force respectively. n s is the exterior unit-normal vector of the structure domain.
Based on Galerkin scheme, we can obtain the Galerkin weak form of Eq. (1) as follows 
By discretizing the structure domain and representing the displacement field using the Lagrange interpolation shape functions, the dynamic equilibrium equations (4) in FE framework can be expressed as
where M s , K s are the structural mass matrix and the structural stiffness matrix, respectively, F s is the force vector, Q sf is the spatial coupled matrix. They can be obtained by assembling the element structural mass matrix, the element structural stiffness matrix, the element coupled matrix and the element force vector, which are calculated in each element.
where N is a row vector of the Lagrange interpolation shape functions in the structure domain. For interior acoustic field without considering damping, two kinds of boundary conditions are considered as
where ρ f is the mass density of acoustic field; n f is the exterior unit-normal vector of acoustic field. Applying Galerkin scheme to the equilibrium equation and accordingly the boundary conditions, the weak form of Eq. (2) can be obtained as
Similarly, by discretizing acoustic field, the dynamic equilibrium equations (9) in FE framework can be expressed as
where M f , K f are the acoustic mass matrix and the acoustic stiffness matrix, respectively. They can be obtained by assembling the element acoustic mass matrix and the element acoustic stiffness matrix, which are calculated in each element.
whereN is a row vector of the Lagrange interpolation shape functions in acoustic field. Based on the combination of Eqs. (5) and (10), the structural-acoustic system can be described by the following FEM formulation
Assuming that the external excitation is time harmonic, Eq. (13) can be denoted as
where A is the structural-acoustic dynamic stiffness matrix, x is the acoustic response vector, b is the external excitation vector, ω is the angle frequency, and they are expressed as
To analyze the structure-acoustic system with incomplete or little information, intervalbased uncertainty models have been developed. We assume that the uncertainties in the coupling system and its service environments are caused by the interval parameter vector
where α and κ are the interval parameter vectors of the system and external load, respectively, α, κ andᾱ,κ are the lower and upper bounds of α and κ, respectively. Thus, the equilibrium equations for the structure-acoustic system with interval parameters can be expressed in the following interval FEM formulation
In general, the computation of the theoretical solution set of Eq. (17) has proved to be an NP-Hard problem. 22 The approximate interval of acoustic response obtained by using an interval approach is the smallest closed convex interval which contains the theoretical solution set, and can be written as
where x(α, κ) andx(α, κ) can be expressed in the following optimization form
To simplify analysis, the damping in the structural-acoustic system is ignored in this section. Note that by adding the damping matrix into the coefficient matrix A, it is easy to obtain the same expression as Eq. (17), which implies the following discussion can be extended to the system with damping effects.
Interval Reduced Basis Approach for Acoustic Response

The formulation of the acoustic interval perturbation analysis
Based on the interval transformation, Eq. (16) can be expressed as
where
Without considering the higher-order terms, expanding the structural-acoustic dynamic stiffness matrix A(α) and the external excitation vector b(κ) at the midpoint of the interval parameter, gives
where A c and A s are the nominal value and uncertainty of the dynamic stiffness matrix A(α), respectively, b c and b t are the nominal value and uncertainty of the external excitation vector b(κ), respectively, δ α s and δ κ t belong to [−1, 1]. Substituting Eq. (22) into Eq. (17), gives
If the condition A −1 c ∆A < 1 is satisfied, (A c + ∆A I ) −1 can be expanded by the Neumann series
Substituting Eq. (24) into Eq. (23), gives
Therefore, the acoustic response can be expressed as
In the traditional interval perturbation method, only the first-order terms are employed. Therefore, we can derive the following approximation without considering the higher-order terms
If δ α s and δ κ t are treated as independent from each other, x(α, κ) is a linear function with respect to δ α s and δ κ t . Thus, the upper and lower bounds of the acoustic response can be calculated asx
Improved approximation-interval reduced basis approach
Based on the theoretical results outlined by Ipsen and Meyer 23 for deterministic systems of equations, the solution to Ax = b lies in the Krylov subspace defined below:
where m is the degree of the minimal polynomial of the coefficient matrix A.
Because linear interval equations can be considered as a family of equivalent deterministic linear equations, it is easy to span the interval Krylov subspace 
From Eq. (32), the solution x(α, κ) can be represented using a set of basis vectors spanning the interval Krylov subspace. Therefore, an IRBA is presented for analyzing acoustic response of coupled structural-acoustic system in this section. The novel idea is to approximate acoustic response using a linear combination of interval basis vectors with undetermined coefficients, namely
where Ψ(α, κ = {ϕ 0 (α, κ), ϕ 1 (α, κ) , . . . , ϕ m−1 (α, κ)} is a matrix of interval basis vectors, ξ = {ξ 0 , ξ 1 , . . . , ξ m−1 } T is a vector of undetermined coefficients in the interval basis.
A straightforward choice of basis vectors would be the mth order interval Krylov subspace. However, from the viewpoint of computational efficiency, we choose the terms ∆x I k , k = 0, 1, . . . , m − 1 in Eq. (26) as the interval basis vectors. The first mth order interval basis vectors can be expressed as
Note that for saving space, we have used the Einstein convention that whenever the same index appears twice in an expression, summation with respect to that index over its range is implied.
In fact, the terms ∆x 
Because Eq. (33) is the approximate solution of the coupling system, the inevitable interval residual error vector can be given as
To obtain the interval reduced order equation of the structural-acoustic system, the variant of the Galerkin scheme is applied in this section. The Galerkin scheme is an orthogonal projection technique, which enforces the condition that the weight function is equal to the basis function. In order to implement the condition, we introduce the following definition for the orthogonality between two interval vectors. Definition 1. Two interval vectors y 1 and y 2 ∈ IR n are orthogonal in the Hilbert space of interval variables if y * 1 y 2 = 0. Applying the Galerkin scheme and considering Eq. (36), yields
Both sides of Eq. (35), being multiplied by the interval basis vectors ϕ T l (α, κ), yield
Taking the inner product of interval vectors
The reduced order equations for acoustic response can be rewritten in a more compact fashion as
and
Substituting the deterministic coefficients obtained in Eq. (40) into Eq. (33), the explicit expression of acoustic response in terms of interval variables α, κ, is obtained as
T is the solution of the reduced order equation. Neglecting the higher-order terms, we obtain
Compared with Eq. (29), Eq. (46) can improve the accuracy of the conventional firstorder approximation because the interval basis vectors are modified to include scaling coefficients ξ.
The second-order approximation of acoustic response via DC algorithm
Although current methods based on the first-order approximation are effective, these methods may be fail to estimate acoustic response if the uncertainties are fairly large. To overcome the limitation of the first-order approximation, the second-order approximation is obtained based on IRBA in this section, and DC algorithm is used to determine the bounds of acoustic response. Neglecting the order greater than two, Eq. (45) can be expressed as
According to Eq. (19), the acoustic bounds can be determined as
Introducing the notation . . .
The optimization problem in Eq. (49) can be reformulated into the quadratic problems with box constraints as follows
Equation (52) is nonconvex quadratic programming with box constraints, which is difficult to be solved for global optimal solution using robust optimization algorithm, such as the particle swarm optimization 24 and the method of moving asymptotes. 25 Fortunately, Tao et al. 26 proposed a DC algorithm which is a continuous optimization approach based on the duality for solving programming in a general form of the difference of convex functions. The advantage of this algorithm is to converge to the global optimal solution for quadratic programming problem. 27 The standard form of quadratic programming problem with box constraints can be given as
where D is a real symmetry matrix, d is a vector related to the optimization problem, Y is a vector of optimization variables.
Obviously, the minimization of Eq. (52) can be obtained directly according to Eq. (54). Furthermore, the maximization problem can be equivalent transformed into the minimization problem (i.e.
max g(Y) = −[min(−g(Y))])
, and obtained by using the DC algorithm. After solving the optimization problem in Eq. (52)) via DC algorithm, the bounds of acoustic response can be calculated as
where max g(Y) and min g(Y) are the global maximum value and the global minimum value of the optimization problem in Eq. (52), respectively.
An Integrated Framework Based on IRBA
The objective of this section is to establish an integrated framework based on IRBA for uncertain acoustic propagation analysis using deterministic FE software. The focus is on leveraging deterministic FE software to carry out the spatial discretization for linear interval equations in Eq. (17) . We first outline the computational aspects of IRBA.
Computational aspects of IRBA
The main computational steps involved in the IRBA are summarized below:
Step 1: The first step is to decompose the dynamic stiffness matrix A(α) into the nominal value of stiffness matrix A c and the uncertainty of the stiffness matrix A s in Eq. (22), simultaneously, the external excitation vector b(κ) can be.
Step 2: According to the matrix and vector computed in Step 1, the interval basis vectors need to be calculated recursively in Eq. (34). Then the reduced order equations in Eq. (40) are established.
Step 3: The reduced order equations are solved for the undetermined coefficients in the reduced basis. Once the undetermined coefficients are known, the explicit expression of acoustic response with respect to interval variables can be obtained.
Step 4: The last step is to determine the bounds of acoustic response. Due to the monotonicity, acoustic bounds of the first-order approximation can be calculated directly. For the second-order approximation, DC algorithm is used to calculate the bounds of acoustic response.
IRBA requires o[N m b
(N κ + 1) sparse matrix-vector multiplications in addition to one deterministic analysis, where N b , N κ are the total number of interval variables appearing in the stiffness matrix and external excitation vector, respectively, and m is the number of interval basis vectors. Clearly, computational cost of IRBA speeds up exponentially with increase in the number of interval basis vectors. Fortunately, a few number of interval basis vectors (usually 2-3) are sufficient to achieve high accuracy for a number of cases, which is validated in Sec. 5. Create geometry with a CAD software 2:
Identify interval parameters 3:
Select element types, material properties and boundary conditions 4:
Discretize the spatial domain into a number of elements 5:
Retrieve data from steps 1, 3 and 4 6:
Create input files for deterministic FE software For all interval parameters α, κ do 7: Activate deterministic FE software, generate Ac, As and bc, b t End for 8:
Send all Ac, As and bc, b t to interval solver 9:
Activate interval solver to compute interval basis vectors ϕ m−1 and establish the reduced order equations 10:
Retrieve and send the coefficient matrix R and vector P to linear equations solver 11:
Activate linear equations solver to obtain the undetermined coefficient ξ 12:
Determine the bounds of acoustic response 13:
Post-processing and visualization of the bounds of acoustic response
Coupling algorithm for integrated framework
Based on the computational steps in IRBA, Table 1 lists the set of instructions that one can implement either manually or via the scripting environment. In this algorithm, Step 1 involves creating a geometry model of coupled structural-acoustic system. In general, the geometry model can be directly created with deterministic FE software for simple coupling system or be imported from the CAD software for complex system. In the next step, one must identify interval parameters including material properties and external loads. Next, by selecting element types, spatial discretization can be readily carried out using standard mesh generator. After having obtained the mesh data, element constants, material properties, external loads and boundary conditions, one can use any of programming language to create various input files which contain model data and instructions. These input files can be fed into the deterministic FE software to generate the nominal value and uncertainty of the dynamic stiffness matrix and the external excitation vector, respectively. After that, interval basis vectors are calculated using interval solver. Simultaneously the coefficient matrix and vector in the reduced order equations are obtained, and assigned to linear equations solver. Once receiving the matrices and vectors, linear equations solver will be activated to obtain the undetermined coefficient. The last step is to determine the bounds of acoustic response of interest. If required, the acoustic response can be fed back into the deterministic FE software for graphical post-processing and visualization.
The overall design of integrated framework
According to coupling algorithm, Fig. 2 shows an overview of the implementation steps involved in a typical integrated framework. In this framework, three set of components, i.e. the deterministic solver, the interval solver and the third party codes including command interpreter and data management, are available for uncertain acoustic propagation analysis. All computational tasks are defined by a sequence of commands. Each command can be translated and executed by the command interpreter to invoke the associated module. The data management provides each module with the required data and stores the resulting output. The deterministic solver is used mainly to discretize complex FE-model for the global matrix, whereas the interval solver has the capability of uncertain propagation analysis. The deterministic solver is exploited to interact with the interval solver in conjunction with IRBA. Post-processing and visualization can be implemented with the deterministic solvers. Furthermore, it should be noted from Fig. 2 that the integrated framework involves communication overhead.
Example and Application
A shell-acoustic system
A shell-acoustic system is shown in Fig. 3 . The shell is acted by external excitation at the middle point of the aluminum shell. The acoustic cavity is filled with air with the density of ρ f = 1.225 kg/m 3 . The acoustic velocity is c 0 = 340 m/sec. the density and Poisson's ratio of the shell structure are ρ s = 2800 kg/m 3 and υ = 0.3, respectively. Due to the unpredictability of the material properties, the Young's modulus and the thickness of the shell structure are considered to be interval parameters. By introducing the uncertain factor β, the properties of the shell structure can be defined as
Acoustic responses of the system are computed via Monte Carlo simulation (MCS), interval perturbation analysis method (IPAM) and IRBA, respectively. We refer to the first-and second-order IRBA by IRBAI and IRBAII. Figure 4 shows the intervals of sound pressure distribution along the top boundary line at uncertain factors β = 0.025, 0.05, 0.1 and 0.15. The frequency considered is 100 Hz. The response intervals generated by MCS with 100 000 samples are used as the reference intervals for validating the accuracy of the proposed method.
It can be seen from Fig. 4 that for very low value of β (i.e. β ≤ 0.05), both IPAM and IRBAI (the first-order approximation) can give an excellent approximation of the intervals of sound pressure distribution. With the increase of the uncertain factor β, it shows a clear deviation from reference results computed with MCS.
For a clear comparison, Tables 2-5 list the bounds and relative errors of sound pressure at uncertain factors β = 0.025, 0.05, 0.1 and 0.15, respectively. The data in these tables indicate that the relative errors of two methods increase gradually with the increase of β. When the uncertain factor β increases to 0.15, the relative errors of IPAM and IRBAI are about 11.1% and 7.16%, respectively. This suggests the accuracy of IRBAI is higher than that of IPAM. However, we have to recognize that the relative errors of IRBAI become more serious.
Clearly, the first-order approximation may lead to useless results for predicting the sound pressure distribution in the case of large uncertainty. To overcome the limitation of the first-order approximation, the second-order IRBA is used to predict the sound pressure distribution at uncertain factor β = 0.15.The bounds of sound pressure are determined by DC algorithm and interval operation (IO), respectively. The frequency considered remains 100 Hz. Table 6 lists the bounds and relative errors of sound pressure at five points of the top boundary line. From this table, we observe that the bounds of sound pressure obtained by IRBAII DC have an excellent agreement with the reference results obtained by MCS. However, the bounds of sound pressure obtained by IRBAII IO significantly deviate from the reference results. It suggests that IRBAII IO is failed to improve the accuracy of the results. This is caused by the over-estimation of the bounds of sound pressure due to interval extension.
Hence, for the coupled structural-acoustic system with interval parameters, the secondorder approximation of acoustic response cannot provide guarantee of obtaining better results compared with the first-order approximation. Fortunately, the accuracy of IRBAII can be significantly improved by using DC algorithm. The good performance of this method is attributed to the fact that DC algorithm can converge to the global optimal solution for the quadratic programming problem with box constraints. In addition, the influence of uncertainties on acoustic response of the coupling system is investigated. The comparison between deterministic and mean values is shown in Fig. 5 , where the former is computed under the assumption that all parameters are deterministic, and the latter is obtained by taking the average of lower and upper bounds of result obtained by IRBAII. It is observed that the uncertainties in the system not only influence the amplitude of sound pressure, but also change the characteristic frequencies. For the first-order characteristic frequency, the percentage of change is about 3.4%. Apparently, it is difficult for deterministic analysis to predict the true acoustic response of the system with interval parameters. Under such circumstance, interval analysis, especially the present IRBA, shows superiority to other methods. 
The 3D acoustic cavity of a car
Next, a structural-acoustic system of car model is presented to illustrate the application of the integrated framework. The 3D FE model with 3860 hex elements and 5599 nodes is shown in Fig. 6 . All translational degrees of freedom (DOFs) are restrained at the corner point of the steel structure and a unit normal harmonic excitation is applied on roof. Considering the realistic complex environment, the acoustic velocity c 0 and the density ρ f of air surrounding the acoustic cavity are modeled as interval parameters. Table 7 are also assumed to be interval parameters. According to the integrated framework in Sec. 4, an interval finite element analysis (FEA) program coupled with existing deterministic FE software, MSC Patran/Nastran, is designed using MATLAB. Figure 7 shows the interactions between the deterministic FE software and other modules. Very little modifications, such as parameterization, matrix extraction and input/output control, are required to embed deterministic FE software in Fig. 6 . The structural-acoustic system of car model. the framework. In this example, the stiffness matrices and load vectors are extracted using Direct Matrix Abstraction Programming of Nastran. As the analysis is completed, a result file will be read into Patran using Patran Command Language for graphical post-processing. Table 8 shows the testing environment of the program.
Using the interval FEA program, acoustic response of car model is computed and shown in Figs. 8 and 9 . For comparison, the lower and upper bounds of the amplitude of sound pressure at the observation point are listed in Table 9 . The total wall-clock time taken by each method is also listed in the table. As expected, IRBAII gives better results compared with IPAM, which indicates that the present method has high accuracy once more. Besides, from the total wall-clock time, it can be found that the computational effort of IRBAI is comparable to that of IPAM, and the total wall-clock time of IRBAII is much shorter than that of MCS but is a little longer than that of IPAM.
To investigate the efficiency of IRBA, Table 10 summarizes reduced matrix and vector computation time and determination of the response bound computation time, as well as their ratios to the total wall-clock time. Table 10 suggests that the computation time needed to determine the acoustic bound is comparable for all the problems. As compared to the calculation of reduced matrix and vector, the determination of the acoustic bound spends much less time. The data in Table 10 also indicate that the percentage of the wall-clock time spent calculating the reduced matrix and vector ranges from 89.76% to 93.73% for IRBAII, while that of IRBAI ranges from 87.99% to 93.82%. Thus the exceeded time is mainly implemented to calculate the reduced matrix and vector. Compared with the improvement in accuracy, the increase in computational effort is indeed acceptable. According to Table 10 , the computational time of IRBAI and IRBAII are plotted as functions of the number of interval variables, shown in Fig. 10 .
To further validate the ability of the proposed framework, a series of car models with an increasing number of elements is investigated. The number of elements for five car models ranges from 2800 to 22 000, while the number of DOFs ranges from 11 549 to 46 133. Table 11 summarizes the problem scale and the runtime of each problem, where we can see that with the increase of problem scale, the runtime of program ranges from 95.05 sec to 666.62 sec. The data in this table suggests that the overall performance of the framework is good. It should be pointed out here that the 3D FE model is established using deterministic FE software. It is implied that the reanalysis of the coupled structural-acoustic system with interval parameters will be more easily implemented when the mesh model is changed.
Conclusions
Considering uncertainties quantified as interval parameters, this paper is concerned with the dynamic behavior of coupled structural-acoustic system. An IRBA for uncertain acoustic propagation analysis is proposed. Simultaneously an integrated framework is also established based on IRBA. By the validation of two examples, main conclusions of the present research are summarized as follows:
(1) IRBA is developed based on the profound analysis of existing FEM for acoustic response analysis of the system with interval parameters. Based on the interval FEM formulation,
